Introduction {#sec1}
============

G-quadruplexes are guanine-rich nucleic acid sequences, which form a stable four-stranded helical structure by pairing of four guanine bases via Hoogsteen hydrogen bonds ([Figure 1A](#f1){ref-type="fig"}). The conformation of a G-quadruplex is polymorphic, by changing its base sequence, loop connection and embedded cations \[[@ref1]\]. G-quadruplexes are highly conserved secondary structures found in the genomes of various organisms. G-quadruplexes are formed by nucleic acid (DNA or RNA) containing the sequences G~(≥2)~N~x~G~(≥2)~N~y~G~(≥2)~N~z~G~(≥2).~*x*, *y* and *z* might be different. And it is ≥ because two layers are just about sufficient to form a G-quadruplex. This article focuses on G-quadruplexes of two layers. Studies of G-quadruplexes in the human genome have shown their regulatory roles in DNA replication, transcription and recombination \[[@ref2]\]. Putative G-quadruplex-forming sequences (PQSs) have been found in different pathogens \[[@ref3]\], including viruses \[[@ref4]\], bacteria \[[@ref5]\] and even protozoa \[[@ref6]\].

![The formation of G-quadruplex structures in the SARS-CoV-2 genome. (**A**) a G-tetrad structure(left) and intramolecular folding of a parallel G-quadruplex structure (right). Four guanine bases form a G-tetrad, and two or more G-tetrads to build a G-quadruplex. (**B**) PQSs have been found in the SARS-CoV-2 genome. Close analysis of those PQSs revealed their location in the viral open reading frames of the ORF1 ab, spike (S), ORF3a, membrane (M) and nucleocapsid (N) genes. (**C**) Phylogenetic analysis of the whole genomes of SARS-CoV-2 (highlighted in blue) and other Coronaviridae.](bbaa114f1){#f1}

Previous studies have shown that G-quadruplex structure participates in genome recognition, recombination, dimerization and packaging of human immunodeficiency virus-1 (HIV-1) \[[@ref4]\]. Besides, G-quadruplexes also act as repressor elements in the transcriptional activation of HIV-1 \[[@ref7]\]. Evidence suggests that G-quadruplexes play a role in the translational control and immune evasion of EBV \[[@ref8]\]. Furthermore, G-rich regions in human papillomaviruses (HPVs) were shown to fold into G-quadruplex structures controlling the viral replication and transcription \[[@ref9], [@ref10]\]. PQSs were also identified in the Zika viral genome \[[@ref11]\].

Previous studies showed that SARS-unique domain (SUD)-NM binds oligo(G)-nucleotides capable of forming G-quadruplexes. SUD-oligo(G) interaction is required for SARS-CoV genome replication. The SARS-CoV genome contains a number of conserved G-quadruplex stretches, which are the potential binding-partners for SUD \[[@ref12]\]. The novel coronavirus (SARS-CoV-2), a SARS-like RNA virus causing pneumonia-like symptoms, has raised global health concern. Here, we show that the genetic sequence of SARS-CoV-2 contains a number of four contiguous GG runs (G~2~N*~x~*G~2~N*~y~*G~2~N*~z~*G~2~), suggesting the presence of PQSs ([Figure 1B](#f1){ref-type="fig"}). We demonstrate that some of those PQSs are conserved in the Coronaviridae family. We confirm G-quadruplex structure forming in the top-ranked PQSs by multiple spectroscopic assays *in vitro* and characterize the cross-talk between G-quadruplexes and viral helicase by microscale thermophoresis (MST) and molecular docking. Our analysis of G-quadruplex-forming sequences in SARS-CoV-2 provides insights into the design of anti-viral treatment by targeting the viral helicase and G-quadruplex structures.

Results {#sec2}
=======

Identification of PQSs in the SARS-CoV-2 genome {#sec3}
-----------------------------------------------

The novel coronavirus SARS-CoV-2 is a positive and single-stranded RNA virus belonging to the family of enveloped coronaviruses (CoVs). We searched the 29.9 kb genome of SARS-CoV-2 stored in the China National Microbiological Data Center (accession number [CNP0000881](https://db.cngb.org/search/project/CNP0000881/)) for PQSs using QGRS-Mapper \[[@ref13]\]. We set up the QGRS-mapper software to identify all PQSs with four repeats of at least two guanines interrupted by loops of a maximum length of 36 nucleotides. We performed this relaxed G-quadruplex definition as a number of recent studies have revealed G-quadruplex structure with unconventional features, such as two G-quartets and long loops \[[@ref14]\]. This analysis revealed the presence of 25 four contiguous GG runs (G~2~N~x~G~2~N~y~G~2~N~z~G~2~) in the genome of SARS-CoV-2. *x*, *y* and *z* might be different ([Table 1](#TB1){ref-type="table"}). Four contiguous GG runs represent two tetrad G-quadruplex motifs. But, PQSs of four contiguous GGG runs (three G-tetrads) or GGGG runs (four G-tetrads) were not found in the genome of SARS-CoV-2. PQSs of four contiguous GG runs (two G-tetrads) generally exhibit lower stability in folding into a G-quadruplex structure \[[@ref17]\]. This is an average of one PQS per \~1 kb in the genome of SARS-CoV-2. However, there are 705 580 PQSs with at least three G-tetrads and 13 948 893 PQSs with two or more G-tetrads in human genome. The human genome has 3095.69 Mb \[[@ref18]\]. The density of PQS = 2 × (genome size)/PQS number. The ratio of PQSs with at least three G-tetrads is 1 PQS per \~8.77 kb \[[@ref19]\], and PQSs with at least two G-tetrads is 1 PQS per \~0.44 kb. Notably, PQS density of human genome was reported to be strongly enriched at gene promoters (1 kb upstream of TSS) and in 5′ untranslated regions \[[@ref18]\].

###### 

PQSs found in the SARS-CoV-2 genome

  Position   Gene     Length   Putative G4-forming sequences                                G-score
  ---------- -------- -------- ------------------------------------------------------------ ---------
  353        ORF1ab   25       [GG]{.ul}CUUU[GG]{.ul}AGACUCCGU[GG]{.ul}AGGA[GG]{.ul}        16
  644        ORF1ab   20       [GG]{.ul}UAAUAAA[GG]{.ul}AGCU[GG]{.ul}U[GG]{.ul}             15
  1463       ORF1ab   26       [GG]{.ul}U[GG]{.ul}UCGCACUAUUGCCUUU[GG]{.ul}A[GG]{.ul}       6
  1574       ORF1ab   26       [GG]{.ul}UGUUGUU[GG]{.ul}AGAA[GG]{.ul}UUCCGAA[GG]{.ul}       18
  2714       ORF1ab   29       [GG]{.ul}C[GG]{.ul}UGCACCAACAAA[GG]{.ul}UUACUUUU[GG]{.ul}    10
  3467       ORF1ab   17       [GG]{.ul}A[GG]{.ul}A[GG]{.ul}UGUUGCA[GG]{.ul}                15
  4162       ORF1ab   27       [GG]{.ul}UUAUACCUACUAAAAA[GG]{.ul}CU[GG]{.ul}U[GG]{.ul}      6
  4261       ORF1ab   29       [GG]{.ul}GUUUAAAU[GG]{.ul}UUACACUGUAGA[GG]{.ul}A[GG]{.ul}    10
  8687       ORF1ab   23       [GG]{.ul}AUACAA[GG]{.ul}CUAUUGAU[GG]{.ul}U[GG]{.ul}          14
  10261      ORF1ab   30       [GG]{.ul}CU[GG]{.ul}UAAUGUUCAACUCA[GG]{.ul}GUUAUU[GG]{.ul}   9
  13385      ORF1ab   20       [GG]{.ul}UAUGU[GG]{.ul}AAA[GG]{.ul}UUAU[GG]{.ul}             19
  14947      ORF1ab   28       [GG]{.ul}UUUUCCAUUUAAUAAAU[GGGG]{.ul}UAA[GG]{.ul}            4
  15208      ORF1ab   27       [GG]{.ul}AACAAGCAAAUUCUAU[GG]{.ul}U[GG]{.ul}UU[GG]{.ul}      6
  15448      ORF1ab   29       [GG]{.ul}C[GG]{.ul}UUCACUAUAUGUUAAACCA[GG]{.ul}U[GG]{.ul}    3
  18296      ORF1ab   23       [GG]{.ul}AUU[GG]{.ul}CUUCGAUGUCGA[GGGG]{.ul}                 9
  22316      S        29       [GG]{.ul}UGAUUCUUCUUCA[GG]{.ul}UU[GG]{.ul}ACAGCU[GG]{.ul}    10
  24215      S        20       [GG]{.ul}UU[GG]{.ul}ACCUUU[GG]{.ul}UGCA[GG]{.ul}             17
  24268      S        24       [GG]{.ul}CUUAUA[GG]{.ul}UUUAAU[GG]{.ul}UAUU[GG]{.ul}         19
  25197      S        22       [GG]{.ul}CCAU[GG]{.ul}UACAUUU[GG]{.ul}CUA[GG]{.ul}           17
  25951      ORF3a    29       [GG]{.ul}U[GG]{.ul}UUAUACUGAAAAAU[GG]{.ul}GAAUCU[GG]{.ul}    8
  26746      M        30       [GG]{.ul}AUCACC[GG]{.ul}U[GG]{.ul}AAUUGCUAUCGCAAU[GG]{.ul}   7
  28781      N        29       [GG]{.ul}CUUCUACGCAGAA[GG]{.ul}GAGCAGA[GG]{.ul}C[GG]{.ul}    9
  28903      N        15       [GG]{.ul}CU[GG]{.ul}CAAU[GG]{.ul}C[GG]{.ul}                  18
  29123      N        19       [GG]{.ul}AAAUUUU[GGGG]{.ul}ACCA[GG]{.ul}                     14
  29234      N        30       [GG]{.ul}CAU[GG]{.ul}AAGUCACACCUUC[GG]{.ul}GAACGU[GG]{.ul}   11

*Note*: G-score was used to evaluate the probability to form a stable G-quadruplex. Higher scoring sequences represent better candidates for G-quadruplexes. Guanine nucleotides predicted to participate in the formation of G-quadruplex structure are underlined.

The PQS positions were inspected with respect to their location in the SARS-CoV-2 genome. Previous analysis showed that the SARS-CoV-2 genome shares 79.5 and 96% sequence homology to SARS-CoV and bat coronavirus, respectively \[[@ref20]\]. The G-quadruplex motifs were found located in the open reading frame regions of ORF1 ab, spike (S), ORF3a, membrane (M) and nucleocapsid (N) genes ([Figure 1B](#f1){ref-type="fig"}, [Table 1](#TB1){ref-type="table"}). ORF1ab of SARS-CoV-2, used for CoVs species classification, has 94.6% sequence homology to SARS-CoV. The sequence of the spike (S) gene, which binds to the human cell membrane receptor ACE2 and mediates the internalization of the virus into the host cell, is highly variable in CoVs \[[@ref20]\]. M gene encodes membrane glycoprotein \[[@ref21]\]. Function of ORF3a in SARS-CoV-2 is unknown; however, in SARS-CoV, ORF3a encodes transmembrane protein localized to the plasma membrane especially in the endoplasmic reticulum (ER)-Golgi region. It activates the PKR-like ER kinase (PERK) signaling pathway, which protects viral proteins against ER-associated degradation and apoptosis \[[@ref22]\]. In human CoVs, ORF3a protein has been associated with virulence by controlling not only the expression of cytokines and chemokines but also inducing necrotic cell death \[[@ref22]\]. Similar to the N gene of SARS-CoV, the N gene of SARS-CoV-2 is hypothesized to be involved in the viral RNA packaging and to play an essential role in viral RNA transcription and replication \[[@ref23]\]. Previous studies suggested that the presence of the G-quadruplexes in the ORF region can halt the translation elongation *in vivo* \[[@ref8]\]. Therefore, G-quadruplex motifs presenting in the SARS-CoV-2 ORFs might play a fundamental role in viral replication, assembly and immune response modulation.

Homology analysis of PQSs in the Coronaviridae family {#sec4}
-----------------------------------------------------

The National Center for Biotechnology Information database (NCBI) harbors more than 50 sequenced genomes of CoVs, including bat CoVs, Middle East respiratory syndrome-related CoV (MERS-CoV) and SARS-CoV. Phylogenetic tree based on whole genomes of CoVs stored in NCBI using the Molecular Evolutionary Genetics Analysis (MEGA) shows that SARS-CoV-2 is closely related to CoVs found in bats ([Figure 1C](#f1){ref-type="fig"}). To analyze the conservation of the PQSs identified in the SARS-CoV-2, we used the genomes of CoVs stored in NCBI for alignment to identify conserved PQSs throughout the Coronaviridae family (see [Supplementary Information S1](#sup1){ref-type="supplementary-material"} available online at https://academic.oup.com/bib and [Table 2](#TB2){ref-type="table"}). The PQSs at positions 353, 644, 2714, 3467, 8687, 10261, 13385, 14947, 15448, 24215, 24268, 26746, 28781 and 28903 are well conserved in a wide range of CoVs ([see Supplementary Information S1](#sup1){ref-type="supplementary-material"} available online at https://academic.oup.com/bib and [Table 2](#TB2){ref-type="table"}). Notably, PQSs at positions 14947 and 15448 share identical sequences with We have inserted/amended the running author. Please check and provide correct wording if necessary. a wide range of CoVs, including bat CoVs and SARS-CoV ([see Supplementary Information S1](#sup1){ref-type="supplementary-material"} available online at https://academic.oup.com/bib and [Table 2](#TB2){ref-type="table"}). However, those two PQSs have the lowest G-scores, indicating low possibility in folding into G-quadruplexes. Interestingly, PQSs at positions 13385 and 24268 with the highest G-scores indicating high probability to adopt G-quadruplex structures only share high sequence similarity to the bat CoVs (see [Supplementary Information S1](#sup1){ref-type="supplementary-material"} available online at https://academic.oup.com/bib and [Table 2](#TB2){ref-type="table"}). The sequence homology of PQSs can suggest conserved biological functions, where SARS-CoV-2 and bat coronavirus share an undiscovered common ancestor \[[@ref20]\].

###### 

Homology analysis of SARS-CoV-2 PQSs to other CoVs

  Position                                                        Genome with the highest conservation (*E* value, % coverage)
  --------------------------------------------------------------- ----------------------------------------------------------------
  353                                                             Bat SARS-like coronavirus isolate bat-SLCoVZXC21 (2e-04, 100%)
  644                                                             Bat SARS-like coronavirus isolate bat-SLCoVZXC21 (2e-04, 100%)
  Bat SARS-like coronavirus isolate bat-SLCoVZC45 (2e-04, 100%)   
  2714                                                            Bat SARS-like coronavirus isolate bat-SLCoVZXC21 (1e-04, 100%)
  3467                                                            Coronavirus BtRt-BetaCoV/GX2018 (1.6, 100%)
  8687                                                            Bat SARS-like coronavirus isolate bat-SLCoVZXC21 (5e-06, 100%)
  Bat SARS-like coronavirus isolate bat-SLCoVZC45 (5e-06, 100%)   
  10261                                                           Bat SARS-like coronavirus isolate bat-SLCoVZXC21 (3e-05, 100%)
  13385                                                           *Rhinolophus affinis* coronavirus isolate LYRa11 (2e-04, 100%)
  Bat coronavirus Cp/Yunnan2011 (2e-04, 100%)                     
  14947                                                           Wide range of Coronaviridae
  15448                                                           Wide range of Coronaviridae
  24215                                                           Bat coronavirus Cp/Yunnan2011 (0.051, 100%)
  24268                                                           Bat SARS-like coronavirus isolate bat-SLCoVZC45 (3e-04, 100%)
  26746                                                           Bat SARS-like coronavirus isolate bat-SLCoVZXC21 (0.008, 100%)
  Bat SARS-like coronavirus isolate bat-SLCoVZC45 (0.008, 100%)   
  28781                                                           Wide range of Coronaviridae
  28903                                                           Bat SARS-like coronavirus isolate bat-SLCoVZXC21 (0.067, 100%)
  Bat SARS-like coronavirus isolate bat-SLCoVZC45 (0.067, 100%)   

*Note*: SARS-CoV-2 PQSs can be found in other members of the Coronaviridae family.

G-quadruplex formation confirmed by multiple spectroscopic assays *in vitro* {#sec5}
----------------------------------------------------------------------------

G-quadruplex formation from the predicted PQSs cannot be safely assumed without experimental evidence, since it has been understood that not all PQS can fold into a G-quadruplex structure. *In vitro* PQSs of four contiguous GG runs (a.k.a. a two-quartet motif) in general also have lower propensity to fold into a G-quadruplex structure \[[@ref17]\]. To validate G-quadruplex formation of top-ranked PQSs identified in our study, circular dichroism (CD) spectroscopy analysis, ultraviolet (UV) melting assay and fluorescence turn-on assay, which are commonly used to detect G-quadruplex formation \[24\], were conducted.

First, CD spectroscopy was used to determine the topology of RNA Please provide the significance for bold and underline present in Table 1. G-quadruplexes for PQSs at positions 13385 and 24268 (13385/PQS and 24268/PQS). The CD spectra recorded for both top-ranked PQSs in the presence of K^+^ or Li^+^ displayed only a positive band at \~265 nm and a negative band at 240 nm ([Figure 2A and D](#f2){ref-type="fig"}). CD signal decreased, especially in 13385/PQS, upon substituting the K^+^ (G-quadruplex-stabilizing) with Li^+^ (G-quadruplex non-stabilizing) ([Figure 2A](#f2){ref-type="fig"}). Consistent with literature \[[@ref24]\], this CD profile and the monovalent ion-dependent feature are indicative of the formation of G-quadruplex with parallel topology. Second, UV melting data on the 13385/PQS and 24268/PQS exhibited a hyperchromic shift at 295 nm under K^+^ condition, which is a hallmark of G-quadruplex formation \[[@ref25]\]. The melting temperature (*T*~m~) of 13385/PQS and 24268/PQS were determined to be 31.5 and 30.5°C under 150 mM K^+^ conditions, close to the physiological temperature of 37°C ([Figure 2B and E](#f2){ref-type="fig"}). Finally, RNA G-quadruplex structure-selective binding of N-methyl mesoporphyrin IX (NMM) was employed to confirm the G-quadruplex structures formation in 13385/PQS and 24268/PQS. NMM is a fluorescence light-up probe upon binding to the G-quadruplex structures \[[@ref26], [@ref27]\]. The much stronger fluorescence in K^+^ than Li^+^ condition results from the specifically binding of NMM to RNA G-quadruplex, which suggests the formation of G-quadruplex structures in PQSs at positions of 13385 and 24268 ([Figure 2C and F](#f2){ref-type="fig"}). To further improve our understanding of RNA G-quadruplexes, investigating protein--RNA-binding events will be critical to completing an overall picture of their roles in SARS-CoV-2.

![Biophysical characterization of G-quadruplex structure in 13385/PQS and 24268/PQS. (**A**) CD spectrum of 5 μM RNA 13385/PQS under 150 mM KCl and LiCl conditions. CD spectra suggest the formation of a parallel G-quadruplex structure in RNA 13385/PQS. (**B**) UV melting curve of 5 μM RNA 13385/PQS under 150 mM KCl and LiCl conditions. Hypochromic shift was observed and the melting temperature (Tm) was determined to be 31.5°C under K^+^ condition. (**C**) Fluorescence emission spectra of NMM with 1 μM RNA 13385/PQS under 150 mM KCl and LiCl conditions. The stronger fluorescence under K^+^ condition suggests the formation of G-quadruplex structure. (**D**) CD spectrum of 5 μM RNA 24268/PQS under 150 mM KCl and LiCl conditions. CD spectra suggest the formation of a parallel G-quadruplex structure in RNA 24268/PQS. (**E**) UV melting curve of 5 μM RNA 24268/PQS under 150 mM KCl and LiCl conditions. Hypochromic shift was observed and the melting temperature (Tm) was determined to be 30.5°C under K^+^ condition. (**F**) Fluorescence emission spectra of NMM with 1 μM RNA 24268/PQS under 150 mM KCl and LiCl conditions. The fluorescence enhancement between KCl and LiCl conditions suggests the G-quadruplex structure formation.](bbaa114f2){#f2}

Virus--host cell interplays through G-quadruplexes and helicases {#sec6}
----------------------------------------------------------------

A number of studies showed that G-quadruplexes in RNA can be unfolded by helicase \[[@ref28]\]. Viral helicase nsp13 plays a vital role in catalyzing the unwinding of double-stranded oligonucleotides into single strands \[[@ref29]\] and might also catalyze the unwinding of G-quadruplex structures. The crystal structure of the full-length SARS-CoV nsp13 was reported recently \[[@ref30]\]. Moreover, nsp13 is highly conserved in most CoVs. Sequence alignment between SARS-CoV and SARS-CoV-2 revealed almost 100% identity in nsp13 ([Figure 3](#f3){ref-type="fig"}). Previous work employing yeast two-hybrid screening and co-immunoprecipitation showed that SARS-CoV helicase nsp13 interacts with cellular RNA helicase DDX5. SARS-CoV replication was significantly inhibited by knocking down the expression of DDX5 with small interfering RNA \[[@ref31]\]. Asp-Glu-Ala-Asp (DEAD)-box polypeptide 5 (DDX5) is a prototypical member of the large ATP-dependent RNA helicase family and plays crucial roles in RNA biology, including translation, splicing, transcription regulation, ribosome biogenesis, mRNA nuclear export and micro RNA (miRNA) processing \[[@ref32]\]. DDX5 was reported to be a G-quadruplex resolvase, which actively unfolds DNA and RNA G-quadruplex structures \[[@ref33]\]. The DEAH-box helicases DHX9 and DHX36 (RHAU) were also reported to unwind both RNA and DNA G-quadruplexes \[[@ref34]\]. The G-quadruplex resolvase DHX36 efficiently and specifically disrupts DNA G-quadruplexes via a translocation-based helicase mechanism \[[@ref35]\]. The DEAD-box RNA helicases DDX21, DDX1 and DDX3X were reported to exhibit G-quadruplex unfolding only in RNA \[[@ref36], [@ref37]\]. Host DDX5 or other DEAD-box helicase may be hijacked by CoVs to enhance the transcription and proliferation of viral genome through G-quadruplex unfolding.

![The multiple sequence alignment of helicase nsp13 from MERS-CoV, SARS-CoV and SARS-CoV-2. Invariant residues are highlighted with red background; conserved residues are in red. Secondary structure elements of MERS-CoV and SARS-CoV are aligned to the top and bottom of the sequences, respectively. Multiple sequence alignments were carried out using the program MUSCLE. The illustration of the result was generated by the program ESPript v3.0. The top line of secondary structure is MERS-CoV, and the bottom line is SARS-CoV. α-helices and 3~10~-helices (η-helices) are displayed as medium and small squiggles. β-strands are rendered as arrows, and strict β-turns as TT letters.](bbaa114f3){#f3}

It has been reported that SARS-CoV helicase (nsp13) has both RNA and DNA duplex unwinding activity \[[@ref38]\]. Amino acid sequences of nsp13 proteins from different CoVs were compared, including SARS-CoV, MERS-CoV, mouse hepatitis virus, transmissible gastroenteritis virus, and avian infectious bronchitis virus. The protein alignment result showed that all helicases have the conserved helicase motifs of superfamily 1 (SF1) \[[@ref39]\]. Moreover, the structural alignment showed some degree of similarity between SARS-CoV helicase (nsp13) and human Upf1 \[[@ref30]\]. Both nsp13 and Upf1 belong to helicase SF1 \[[@ref29], [@ref40], [@ref41]\]. Upf1 plays an important role in mRNA regulation \[[@ref42]\]. The UPF1 helicase is also capable of unfolding G-quadruplex DNA \[[@ref41]\]. Consequently, nsp13 of SARS-CoV-2 is very likely to be a G-quadruplex unwinding helicase. Since G-quadruplex structures are present in the transcriptome of the viral host (e.g. humans), the possibility that viral nsp13 interacts with host G-quadruplex structures cannot be excluded. The binding/unfolding events might be crucial to viral infection and host antiviral response.

Notably, RNA aptamers \[[@ref43]\] and DNA aptamers \[[@ref44]\] against the SARS-CoV helicase nsp13 have been reported previously. Aptamers are short, single-stranded DNA or RNA that developed *in vitro* by SELEX (systematic evolution of ligands by exponential enrichment) and bind to targets with high affinity and specificity by folding into tertiary structures \[[@ref45]\]. Interestingly, most of the enriched aptamers against nsp13 are putative G-quadruplexes forming with guanine repeats in their sequences ([Table 3](#TB3){ref-type="table"}). Among those, DNA aptamers (G5 and G8) were confirmed to form G-quadruplex structure by CD spectra \[[@ref44]\]. Furthermore, the selected RNA aptamers were identified with a AG-rich conserved sequence of 10--11 nucleotides \[AAAGGR(G)GAAG; R, purine base\] and/or additional sequence of 5 nucleotides \[GAAAG\]. It has been predicted that the AG-rich conserved sequence and the \[GAAAG\] sequence mainly reside at the loop region in all the structures ([Table 3](#TB3){ref-type="table"}). It has been suggested that the exposed \[AAAGGR(G)GAAG\] and \[GAAAG\] sequences in RNA aptamers might be important for interaction with the SARS-CoV helicase nsp13. In comparison, our G-quadruplex search across the genome of SARS-CoV-2 also identified a number of GG PQSs. PQS at position 13385 was confirmed to adopt G-quadruplex structures, which also contains a \[GAAAG\] sequence in the middle ([Table 1](#TB1){ref-type="table"}). The naturally occurring \[GAAAG\] sequence in the PQSs RNA of SARS-CoV-2 implies the important interaction motif and potential cross-talk with nsp13. Therefore, we hypothesize that PQSs identified in our study might also bind to nsp13 helicase in SARS-CoV-2.

###### 

PQSs found in the reported nsp13 aptamers

                              Seq. name   Length                                                                                                                  sequence                                                                             G-score
  --------------------------- ----------- ----------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------ ---------
  RNA aptamers \[[@ref43]\]   ES15--1     38                                                                                                                      GCAGAAAA[**GG**]{.ul}G[**GG**]{.ul}AAGAAGA[**GG**]{.ul}GUGAUUCA[**GG**]{.ul}CGAGAG   14
  ES15--2                     40          CA[**GG**]{.ul}GA[**GG**]{.ul}AAA[**GG**]{.ul}G[**GG**]{.ul}AAGCGACUCAAGAACUGUAGAGGG                                    19                                                                                   
  ES15--3                     41          CCGGGCGGUCAAAGGAGAAGAAGAAAGAGAGAGCCCAGGGA                                                                               0                                                                                    
  ES15--4                     40          [**GG**]{.ul}AG[**GG**]{.ul}AAAA[**GGGG**]{.ul}AAGC[**GG**]{.ul}AAA[**GG**]{.ul}UUAA[**GG**]{.ul}AUGC[**GG**]{.ul}AGG   17/20                                                                                
  ES15--5                     40          [**GG**]{.ul}UUAGG[**GG**]{.ul}GAAAG[**GG**]{.ul}GACCA[**GG**]{.ul}UUCGCAGGAAAGCAGAG                                    21                                                                                   
  ES15--6                     41          [**GG**]{.ul}AAG[**GG**]{.ul}AGAGC[**GG**]{.ul}GAACAA[**GG**]{.ul}AGAAAGAGAAGGGGAAUCC                                   18                                                                                   
  DNA aptamers \[[@ref44]\]   G1          29                                                                                                                      AACTT[**GGGG**]{.ul}TG[**GG**]{.ul}TGTGTTGTGTACG[**GG**]{.ul}C                       9
  G2                          30          [**GG**]{.ul}CTTGT[**GG**]{.ul}GT[**GG**]{.ul}TATCTGT[**GG**]{.ul}TGTGTGC                                               16                                                                                   
  G3                          29          CGTC[**GG**]{.ul}T[**GG**]{.ul}TTGTGTC[**GG**]{.ul}GGCGATG[**GG**]{.ul}TT                                               15                                                                                   
  G4                          30          AT[**GG**]{.ul}CATGTGTTT[**GG**]{.ul}CGT[**GG**]{.ul}ATCGTGT[**GG**]{.ul}C                                              15                                                                                   
  G5                          30          AGCGGGCATAT[**GG**]{.ul}T[**GG**]{.ul}TG[**GG**]{.ul}T[**GG**]{.ul}TATGGTC                                              20                                                                                   
  G6                          30          AA[**GG**]{.ul}GT[**GG**]{.ul}AAAGTT[**GG**]{.ul}GG[**GG**]{.ul}TGTAGTGTTC                                              17                                                                                   
  G7                          30          ATGCCGCGTTG[**GG**]{.ul}GAGT[**GG**]{.ul}TGTT[**GG**]{.ul}CT[**GG**]{.ul}T                                              19                                                                                   
  G8                          30          AAT[**GG**]{.ul}AGTAT[**GG**]{.ul}AT[**GG**]{.ul}ATTGCTAGTTC[**GG**]{.ul}C                                              12                                                                                   
  G9                          30          GCT[**GG**]{.ul}CCG[**GG**]{.ul}ATAT[**GG**]{.ul}TATGTTT[**GG**]{.ul}CAGTT                                              17                                                                                   

*Note*: Guanine nucleotides that participate in the formation of G-quadruplex structure were predicted by QGRS mapper and underlined. G-score was used to evaluate the probability to form a stable G-quadruplex. Higher scoring sequences represent better candidates for G-quadruplexes.

The interaction between nsp13 helicase protein and PQSs {#sec7}
-------------------------------------------------------

To analyze the potential binding events, MST assay was performed to investigate the interaction between viral nsp13 protein and top-ranked PQSs. MST is a powerful tool to characterize molecular interactions in liquids including, but not limited to, protein, RNA, DNA, small molecules and ions \[[@ref46]\]. The expression and purification of nsp13 protein from SARS-CoV were reported previously \[[@ref39]\]. Moreover, the nsp13 protein of SARS-CoV is identical to SARS-CoV-2. As a result, SARS-CoV protein was expressed and purified as the target for binding ([Figure 4A](#f4){ref-type="fig"}). We quantified the dissociation constants of 13385/PQS and 24268/PQS with nsp13 protein. We prepared a titration series of nsp13 protein (0.000153--5 μM) to mix with a constant concentration of 13385/PQS or 24268/PQS (30 nM). Binding affinity (Kd) is automatically calculated from the binding curves fitted by Nanotemper Analysis in MST. Kd values of 0.79 ± 0.14 and 0.37 ± 0.08 μM were obtained for 13385/PQS and 24268/PQS, respectively ([Figure 4B](#f4){ref-type="fig"}). This confirms the physical interaction between SARS-CoV (or SARS-CoV-2) nsp13 protein and top-ranked PQSs *in vitro*.

![The interaction of nsp13 and 13385/PQS or 24268/PQS demonstrated by MST assay. (**A**) Expression and purification of nsp13. Lane 1, protein marker. Lane 2, BL21 cell transfected with nsp13 and extracted without induction. Lane 3, BL21 cell transfected with nsp13 and extracted after IPTG induction. Lane 4, helicase nsp13 purified by nickel affinity chromatography. (**B**) Dose--response curves for the binding interaction between the purified nsp13 protein and 13385/PQS or 24268/PQS RNAs.](bbaa114f4){#f4}

Structural analysis of PQSs {#sec8}
---------------------------

As described above, top-ranked PQSs at positions of 13385 and 24268 were confirmed to form G-quadruplex structures. PQS at position 13385 contains a \[GAAAG\] motif found in the nsp13 binding aptamers. For PQSs at position 24268, two additional PQSs in the area upstream (position 24215) and downstream (position 25197) were identified in the S gene with similar high possibility (G-score = 17) to form G-quadruplexes ([Table 1](#TB1){ref-type="table"}). Consequently, PQSs at positions of 13385 and 24268 are the most attractive candidates for investigation. To better understand the role of G-quadruplexes in SARS-CoV-2 and their mechanism of action, we performed the molecular docking of 13385/PQS or 24268/PQS with the SARS-CoV helicase nsp13 (PDB: 6JYT), respectively. Docking between PQS RNA molecules and nsp13 protein was performed using the docking server HDOCK (<http://hdock.phys.hust.edu.cn/>). HDOCK incorporates the binding interface information into the docking concept, which accepts both sequences and structures as input for the protein docking prediction \[[@ref47]\]. According to the docking results, 13385/PQS was predicted to bind to the cleft between 1B domain and zinc-binding domain (ZBD), while 24268/PQS was predicted to bind to the cleft between 1B and 2A domains of SARS-CoV nsp13 ([Figure 5A and C](#f5){ref-type="fig"}). It has been shown that 1B, 1A and 2A domains of SARS-CoV nsp13 are involved in the dsDNA binding \[[@ref30]\]. Moreover, docking results suggested that the guanine bases deviated significantly from their expected placement in both cases. Those guanine bases are predicated to be flipped away from the G-quartets, thus disrupting their G-quadruplex structures ([Figure 5B and D](#f5){ref-type="fig"} ). We hypothesize that the rearrangements of guanine bases induce G-quadruplex structure unfolding by the viral nsp13. In addition, the \[GAAAG\] motif found in both the nsp13-binding aptamers and 13385/PQS was predicted to closely interact with the cleft between 1B domain and ZBD ([Figure 5B](#f5){ref-type="fig"}). The cleft at the base between the 1A and 2A domains represents a NTPase active pocket \[[@ref30]\], which is farther away from the predicted G-quadruplex unwinding site. In summary, our bioinformatic docking analysis provides better understanding of the binding and unfolding of G-quadruplex oligonucleotides by SARS-CoV-2 nsp13 protein.

![Molecular docking of 13385/PQS or 24268/PQS with the SARS-CoV helicase nsp13. Surface representation of SARS-CoV nsp13 (PDB ID: 6JYT) is composed of ZBD, stalk, 1B, 1A and 2A domains. The subdomains of the helicases are labeled. (**A**) Ribbon structure of 13385/PQS RNA molecule (gold color) bind to the 1B domain and ZBD of SARS-CoV nsp13. (**B**) Ribbon model of 13385/PQS RNA molecule (gold color). Guanine bases involved in the formation of G-quadruplex are colored with blue. The \[G~9~A~10~A~11~A~12~G~13~\] motif was predicted to closely contact with the cleft between 1B domain and ZBD. G-quadruplex structure was disrupted after binding. (**C**) Ribbon structure of 24268/PQS RNA molecule (gold color) bind to the 1B and 2A domains of SARS-CoV nsp13. (**D**) Ribbon model of 24268/PQS RNA molecule (gold color). Guanine bases involved in the formation of G-quadruplex are colored with blue. G-quadruplex structure was unfolded by the viral helicase, where the guanine bases were flipped out of the G-quartet after binding.](bbaa114f5){#f5}

Potential therapeutic implications {#sec9}
----------------------------------

The newly identified G-quadruplex-forming sequences might play important regulation roles in viral life cycle, serving as potential targets for antiviral treatment in SARS-CoV-2. As a result of their putative roles in binding and unwinding of the G-quadruplexes, helicases are also attractive antiviral targets for SARS-CoV-2. Several helicase inhibitors, such as bananins and 5-hydroxychromone derivatives, have been shown to exhibit antiviral activity against SARS-CoV by inhibiting ATPase activity \[[@ref48]\]. Helicase inhibitors have the potential to be used as drugs against SARS-CoV-2. As discussed before, the human helicases share some degree of similarity or bind with SARS-CoV helicase (nsp13). SARS-CoV-2 might utilize those host helicases with similar conformation or function to bind with G-quadruplex molecules during infection. The inhibitory effects on cellular kinases and resulting potential cytotoxicity might limit clinical application of the helicase inhibitors.

Another class of helicase inhibitors that selectively inhibits the unwinding activity, but not the ATPase activity, was also shown to be an efficient antiviral agent, including aryl diketoacid compound in SARS-CoV \[[@ref51]\] and SSYA10--001 in a broad range of CoVs \[[@ref52]\]. Another approach to inhibit the G-quadruplex unwinding activity of viral helicase by stabilizing G-quadruplex structure can utilize small molecule ligands such as flavonoids \[[@ref53]\], pyridostatin \[[@ref54]\], GQC-05 \[[@ref55]\] and CX-5461 \[[@ref56]\]. Furthermore, nsp13 has been shown to interact with other SARS-CoV proteins, such as non-structural protein nsp12 (SARS-CoV polymerase), which leads to the enhanced helicase activity of nsp13 \[[@ref30]\]. Consequently, targeting the nsp12-nsp13 complex could also be useful; however, this would require a more complicated docking of G-quadruplex RNAs with the nsp12-nsp13 complex.

Conclusions {#sec10}
===========

Increasing evidence suggests that G-quadruplex structures play a regulatory role in gene transcription in humans and other organisms \[[@ref2]\]. We identified 25 putative G-quadruplex folding sequences in the ORF regions of the SARS-CoV-2 genome. The identified top-ranked PQSs were confirmed to form G-quadruplex structures by multiple spectroscopic assays *in vitro*. Those G-quadruplex structures likely play a crucial role in the regulation of SARS-CoV-2 genes. Viral helicase (nsp13) is required for virus replication in the life cycle of SARS-CoV and MERS-CoV \[[@ref57]\]. Our study showed that G-quadruplex-forming sequences interact with viral helicase nsp13. Helicase helps to catalyze the unfolding of G-quadruplexes \[[@ref28]\] and facilitates the transcription and replication of the SARS-CoV-2. Given its biological importance, structural analysis of interaction between the G-quadruplex forming RNAs and the nsp13 helicase provides new insights into the RNA regulation of SARS-CoV-2. However, G-quadruplex nucleic acid structures are relatively difficult to probe *in vivo*, and only limited number of structures have been solved so far. As a result, molecular docking is an important tool to better understand the mechanism behind the G-quadruplex binding or unwinding in CoVs. Our docking analysis suggests rearrangement and flipping of the guanine bases drives G-quadruplex unfolding. A detailed understanding of the interactions between G-quadruplex forming RNAs with viral helicase is valuable for the rational design of new therapies. Notably, G-quadruplex RNA sequences might adopt various folding conformations, depending on flanking and loop sequences and environmental conditions. If the conformation is the most important feature shared by those PQSs found in SARS-CoV-2, we would expect the models built herein to be consistent with other RNAs sharing similar G-quadruplex structures. Consequently, even in the presence of polymorphism, this study can be used directly to complement experimental studies on the dynamics of G-quadruplex unwinding by SARS-CoV-2. However, the possibility of the predicted sequence adopting misfolded structures should also be taken into account in the future studies. G-quadruplex structure binding/unfolding capabilities of nsp13 protein need to be experimentally established in the future. The role of G-quadruplexes in the SARS-CoV-2 gene regulation, their structures and their use as potential drug targets will require further investigation.

Materials and methods {#sec11}
=====================

Materials {#sec12}
---------

RNA oligos (13385/PQS: GGUAUGUGGAAAGGUUAUGG; 24268/PQS: GGCUUAUAGGUUUAAUGGUAUUGG) were synthesized and purified by Genewiz Biotechnology Co., Ltd. (Suzhou, China). N-methyl-mesoporphyrin IX (NMM) was purchased from Frontier scientific (USA). All the stock and buffer were prepared using nuclease-free ultrapure distilled water (Thermo Fisher Scientific, USA).

Identification of the PQSs {#sec13}
--------------------------

RNA sequence of SARS-CoV-2 was obtained from the China National Microbiological Data Center (accession number [CNP0000881](https://db.cngb.org/search/project/CNP0000881/)). SARS-CoV-2 genome was analyzed using QGRS-Mapper (<http://bioinformatics.ramapo.edu/QGRS/analyze.php>) \[[@ref13]\]. The parameters used were as follows: max length: 30; min G-group: 2; loop size: 0--36.

Sequence alignments {#sec14}
-------------------

Alignments of PQSs within the Coronaviridae family were performed by using the BLAST algorithm adjusted for short input sequences from NCBI. Multiple sequence alignments of the PQSs in the members of the Coronaviridae were performed using Clustal Omega ([http://www.ebi.ac.uk/Tools/msa/clustalo/](http://www.ebi.ac.uk/Tools/msa/muscle/)). Multiple sequence alignment on nsp13 protein was carried out using MUSCLE software (<http://www.ebi.ac.uk/Tools/msa/muscle/>). The illustration of sequence alignment was generated using ESPript 3.0 (<http://espript.ibcp.fr/ESPript/ESPript/>).

Phylogenetic analysis {#sec15}
---------------------

Whole genome sequence alignment of SARS-CoV-2 genome with reference genomes stored in NCBI and phylogenetic analysis were done with the MEGA (version X), by the maximum likelihood method under the general time reversible nucleotide substitution model.

CD spectroscopy {#sec16}
---------------

CD spectra were detected on a Jasco CD J-150 spectrometer using 1 cm path length quartz cuvette. 13385/PQS or 24268/PQS RNAs were heated at 95°C for 3 min and cooled down on ice for 10 min before use. Samples were prepared in 10 mM LiCac buffer (pH 7.0) containing 5 μM 13385/PQS or 24268/PQS RNAs and 150 mM KCl/LiCl. Three scans from 220 to 320 nm at 1 nm interval were accumulated and averaged.

UV melting assay {#sec17}
----------------

UV melting assay was performed on a Cary 100 UV-vis spectrophotometer using 1 cm path length quartz cuvette. Samples were prepared as CD measurement above. The unfolding transitions were monitored at 295 nm. Spectra were collected over 0.5°C while heating over the temperature range from 5 to 95°C.

Fluorescence spectroscopy {#sec18}
-------------------------

Fluorescence detection was performed on a HORIBA FluoroMax-4 fluorescence spectrophotometer (Japan) using 1 cm path length quartz cuvette. 13385/PQS or 24268/PQS RNAs were heated at 95°C for 3 min and cooled down on ice for 10 min before use. 13385/PQS or 24268/PQS RNAs (1 μM) were mixed with 2 μM NMM in 10 mM lithium cacodylate (LiCac) buffer (pH 7.0) with 150 mM KCl or LiCl. The samples were incubated at room temperature for 30 min followed by fluorescence measurement. Spectra of NMM were excited at 399 nm and collected from 550 to 650 nm. Excitation and emission slits were set at 5 nm.

Expression and purification of nsp13 helicase protein {#sec19}
-----------------------------------------------------

The SARS-CoV nsp13 expression plasmid was a kind gift from Dr Jiandong Huang, University of Hong Kong, China. The nsp13 protein was expressed in BL21 competent cells and purified as described previously \[[@ref39]\].

Microscale thermophoresis {#sec20}
-------------------------

MST assays were carried out on a Monolith NT.115 instrument (NanoTemper) using the 'nano-blue' channel. Fluorescein amidite-labeled 13385/PQS and 24268/PQS RNAs were heated at 95°C for 3 min and cooled down on ice for 10 min before use. Different concentrations (0.000153--5 μM) of purified nsp13 protein were mixed with 13385/PQS or 24268/PQS RNAs (30 nM) in 25 mM Tris-HCl buffer (pH 7.5), 150 mM KCl and 5 mM MgCl~2~. The samples were incubated at 37°C for 30 min and subsequently applied to MST assay. Data were fitted by NanoTemper Analysis with a Kd model from the MST machine.

Docking analysis {#sec21}
----------------

Docking between PQS RNA molecules and nsp13 proteins were performed by HDOCK (<http://hdock.phys.hust.edu.cn/>).
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Key Points {#sec23}
----------

Putative G-quadruplex-forming sequences (PQSs) were discovered in the RNA genome of SARS-CoV-2. PQSs were found located in the open reading frames of the ORF1 ab, spike (S), ORF3a, membrane (M) and nucleocapsid (N) genes.The top-ranked PQSs at position 13385 and 24268 were confirmed to form G-quadruplex structures *in vitro* by circular dichroism spectroscopy, UV melting assay and fluorescence turn-on assay.We demonstrated the direct interactions of nsp13 protein with PQSs at position 13385 or 24268 *in vitro* by microscale thermophoresis.Molecular docking showed the guanine bases deviating significantly from their expected positions within guanine quartet planes, indicating that the G-quadruplex structure was unfolded by the viral helicase nsp13.Targeting viral helicase nsp13 is an attractive approach for potentially inhibiting the SARS-CoV-2.
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